Abstract: This paper describes the results of a study of a few design parameters influencing the performance of sensor arrays constructed from nanostructured thin films and interdigitated microelectrodes (IMEs). The nanostructured thin films on the IME devices were prepared from nonanedithiol (NDT) and mercaptoundecanoic acid (MUA) linked assemblies of 2-nm sized gold nanoparticles. The sensor array data in response to volatile organic compounds were collected and analyzed using fractional factorial experimental design and analysis of variance for understanding effects of the design parameters on the sensitivity. While the smaller value for the microelectrode space, width, and length generally led to higher response sensitivity, a strong dependence on the nature of the nanostructured thin films was found. The microelectrode space was the most important design parameter for NDT-based thin films. However, the microelectrode space, width, and length were found to play almost equally important roles for MUA-based thin films. The principal component analysis results for classification performances of the arrays consisting of a set of thin films have demonstrated the possibility of optimizing sensor arrays by appropriate selections of microelectrode parameters and nanostructured sensing films.
Introduction
The exploration of the interparticle properties of monolayer-capped nanoparticles and thin film assemblies has created interesting opportunities for chemical sensing in many significant ways. Examples include alkanethiolate-protected nanoparticles cast as metal-insulator-metal ensemble for chemiresistor sensing [1] , ionic network bridged nanoparticles for vapor sensing via a swellinginduced alteration in length or chemical nature of electron tunneling [2] , nanoparticles with different chain lengths or functional groups for piezoelectric sensing [3] , and chemiresistor sensing [4] . Molecularly-mediated assembly of monolayer-capped gold nanoparticles via covalent bonding or hydrogen-bonding have recently been demonstrated for tuning sensitivity and specificity of both chemiresistive and piezoelectric sensors [5] . An important challenge is the development of the ability in correlating the array design parameters in terms of sensing nanostructure and sensor device properties [5, 6] . Molecularly-linked thin film assemblies of nanoparticles on interdigitated microelectrode platforms serve as an attractive system for addressing the challenge because of the viability in enhancing sensitivity, selectivity, detection limit and response time in terms of size, composition, functional group and spatial properties [5, 6, 7] . In addition, the coupling of nanostructures to the chemiresistive transducers has practical advantages, including easy array integration, rapid responses, and low power-driven portable format.
Several different nanostructured thin films and interdigitated microelectrodes (IME) of different design parameters in terms of microelectrode spatial properties have been used in constructing sensors [5, 6] . In the present work, the design of experiment (DOE) was used to study a set of IME devices with microelectrode spatial parameters, including 150 -300 pairs of gold (150 nm thick) electrodes with 5-10 µm finger width, 5-10 µm finger space, and 100 -200 µm finger length. Currently, the limited knowledge on the correlation of such parameters with sensing properties constitutes an obstacle to the application of nanostructured sensing arrays in view of the complexity of chemical species in practical sensing environment. Sensor arrays combined with pattern-recognition analysis have demonstrated to be an effective approach to enhancing the selectivity and extending their applications [5, 6, 8] . In this work, we report findings of an investigation of the design of interdigitated microelectrodes coupled with nanostructured thin films in constructing sensor arrays for the detection of volatile organic compounds (VOCs). The correlation of the design parameters with the sensor properties provided information for the better design of sensor arrays.
Experimental
Chemicals. 11-mercaptoundecanoic acid (HS-(CH 2 ) 10 -CO 2 H, MUA), 1,9-nonanedithiol (HS-(CH 2 ) 9 -SH, NDT), and decanethiol (HS-(CH 2 ) 9 -CH 3 , DT) were used as received (Aldrich). Vapors were generated from hexane (C 6 H 14 , Hx, 99.9%, Fisher), benzene (C 6 H 6 (φ), Bz, 99.0%, Fisher), toluene (φ-CH 3 , Tl, 99.9%, J. T. Baker).
Gold nanoparticles of 2 nm core size encapsulated with decanethiolate (DT) monolayer shells were synthesized according to two-phase method [9] and a synthetic modification [10] . Details for the synthesis of our 2-nm gold nanoparticles (Au nm , 1.9 ± 0.7 nm) were previously described [11, 12] .
Device Fabrication. IMEs of microelectrode parameters were fabricated by microfabrication, including 150 pairs of gold (150 nm thick) electrodes of 10 µm finger width, 10 µm finger space and 100 µm finger length, 200 pairs of gold electrodes of different finger width (5 µm, 10 µm), different finger space (10 µm, 5 µm) and 200 µm finger length, and 300 pairs of gold electrodes of 5 µm finger width, 5 µm finger space, and 100 µm finger length. The thin film electrodes were manufactured on glass substrate using Nordiko 2000 vacuum sputtering deposition system, in a base pressure below 1.5 × 10 -6 torr with ultrahigh purity (99.999% pure) inert Ar acting as a sputtering gas. The IME device structure was patterned by photolithography at Cornell Nanoscale Facility (CNF). To address the problems associated with the lack of controllability over the electrode adhesion and spacing of IMEs by standard microfabrication techniques, we refined the each of our microfabrication steps, ranging from wafer cleaning, gold deposition, lithographic patterning, and wet chemical etching. Adhesion test, electrical testing, microscopic examination, and sensor array testing all showed that these IMEs produced by the refined processing control parameters meet the desired performance criteria. A 30nm Ti was sputtered onto glass substrates to act as an adhesion layer before the subsequent Au films of about 150 nm was deposited. The deposited Au/Ti films were subsequently processed at CNF cleanroom facility. The first step of lithographic processing began with spin-coating with P-20 primer followed by a layer of S-1813 photoresist. These polymer-treated wafers were then baked on a hot plate for 120 sec, followed by proper exposure to the UV light from a Contact Aligner using a negative image chrome mask with designed patterns. Next, the exposed wafers were baked in oven for 85 mins. The wafers were then flood-exposed to the contact aligner for 60 seconds and then developed by MF-321 developer. The acid mixture used for etching away the Au film layer was HCl : HNO 3 : H 2 O in 3:1:1 ratio with the acid bath at lukewarm temperature of 30°C. The etching period in the solution was typically 30~32 sec for 150nm Au film. Once the upper layer of the Ti/Au film was removed, the underlying Ti adhesion layer was etched for approximately 50 seconds with NH 3 OH : H 2 O 2 (30%) mixture of 1:2 ratio at room temperature. Preparation of Thin Film Assembly. The nanoparticle thin films prepared for the present work included two types: (1) NDT-linked nanoparticles (NDT-Au nm ) and (2) MUA-linked nanoparticles (MUA-Au nm ). The thin films were prepared via "exchanging-crosslinking-precipitation" route [11] . The reaction involved an exchange of linker molecule (NDT, MUA) with the gold-bound alkanethiolates, followed by crosslinking and precipitation via either Au-S bonding at both ends of NDT, or hydrogen bonding at the carboxylic acid terminals of MUA. The IME substrates of the four different designs were then immersed into the same solution of the mixed nanoparticles and thiols at room temperature, and solvent evaporation was prevented during the film formation. The thickness of the thin films grown on the surface of the substrates was controlled by immersion time. Thin films of the same thickness were assembled on the IMEs of four different designs. The thin films thus produced were thoroughly rinsed with the solvent and dried under nitrogen. The NDT-Au nm coated sensors are denoted as NDT-Au nm /IME. Similar notations are for MUA-Au nm /IME.
Sensor Measurements. A computer-interfaced multi-channel multimeter (Keithley, Model 2700) was used to measure the lateral resistance of the nanostructured coating on IME. The resistance and frequency measurements were performed simultaneously with computer control. All experiments were performed at room temperature, 22 ± 1 °C. N 2 gas (99.99%, Progas) was used as reference gas and as diluent to change vapor concentration by controlling mixing ratio. The gas flow was controlled by a calibrated Aalborg mass-flow controller (AFC-2600). The flow rates of the vapor stream were varied between 5 and 50 mL/min, with N 2 added to a total of 100 mL/min. The vapor generating system followed the standard protocol [4b]. The vapor stream was produced by bubbling dry N 2 gas through a bubbler of the vapor solvent using the controller to manipulate vapor concentration.
The resistance (R) was measured, and the relative differential resistance change ∆R/R i was used for the evaluation of the vapor sorption responses. ∆R is the difference of the maximum and minimum values in the resistance response, and R i is the initial resistance of the film [4a, 13] . The IME devices were housed in a test chamber with tubing connections to vapor and N 2 sources. The setup of the vapor generating system followed the standard protocol [4b]. The vapor concentration in the unit of ppm moles per liter was calculated from the partial vapor pressure and the mixing ratio of vapor and N2 flows. Details of the IME experimental setup and measurement protocols were described in our recent report [5] . The IME electrode leads were connected to the multimeter. Nitrogen was used as carrier gas. Different concentrations of vapors were generated using an impinger system. At the beginning of the experiment, the test chamber was purged with pure nitrogen for 30 minute to ensure the absence of air and also to establish the baseline. The test chamber was purged with N 2 for 10 minutes and test vapor for 10 minutes at the desired vapor concentration.
Our sensor array testing system involves switching of VOCs from one to another in order to establish the sensor profiles for each analyte. The propensity of this process to cross-contamination of analytes, especially low-vapor pressure VOCs, as a result of dead volumes in tubing and switching valves posed limitations on our sensor array testing system. To overcome or minimize this problem, we have built a multi-channel (currently 8 channels) and low dead-volume flow control and mixing system (Modular Platform Components (MPC) technology from Swagelok). The MPC defines the interface for surface mount fluid distribution components with elastomeric sealing devices used within the process analyzer and sample-handling system with minimum dead-volume and virtually no crosscontamination. Importantly, it allows control of mixing of different VOCs in most effective ways.
Results and Discussion

Sensor Device Characterization
The design parameters of the thin film coated IME arrays were first evaluated using DOE techniques. DOE is a widely used tool for effectively and efficiently designing and conducting experiments with certain principles [14] . Statistical methods, such as Analysis of Variance (ANOVA) [14, 15] , are then used to analyze the experimental data to draw meaningful conclusions. To examine the effects of three factors/parameters, finger space (FS), finger width (FW), and finger length (FL), in the sensor design, one-half of the 2 3 , 2 3-1 , fractional factorial experiment with single replicate is designed, in which 3 represents the 3 interested factors and 2 implies each one with two levels. The nanostructured thin film assembly and the microelectrode design parameters of the IMEs are illustrated in Figure 1 . The structures of the nanostructured thin film assemblies and their preparation have been described in previous reports [5] . IME devices with Au electrodes of different finger width (FW, 5 µm, 10 µm), finger space (FS, 5 µm, 10 µm), and finger length (FL, 100 µm, 200 µm) and the four combinations of the different parameters are shown in Table 1 . The analysis of effects of the factors on experimental responses can be performed to identify the significant factors. The statistical analysis on the results of the designed experiment is summarized in Section 3.3.
(a) (b) Figure 1 . Illustration of the nanostructured thin film assembly (a), and the design of the finger width, space and length of IME (b). Table 2 summarizes the average initial resistance values for an array of NDT-Au nm and MUA-Au nm films on IMEs of four combinations of the different parameters under N 2 purge. The differences in the initial conductivities reflect the differences of a combination of several parameters including interparticle distances, dielectric medium constants, and the design parameters for the IME sensing array. Based on the comparison of the resistance values between MUA-Au nm and NDT-Au nm films on the same IME designs, initial resistance of MUA-Au nm is found to be about 150 times larger than that of NDT-Au nm . This finding is consistent with the interparticle spatial properties expected for the MUA and NDT linker molecules [5, 6] . The array sensing materials (NDT-Au nm , and MUA-Au nm ,) differ from each other in terms of the chemical and physical nature of the mediator molecules, which include hydrophobicity and hydrogen-bonding property. The sensor arrays also differ from each other by the electrode parameters in the device design. Because of these differences, the thin film resistances differ from each other. The data indicated that the finger space had significant effects on the thin film resistance properties. The IMEs with smaller FS (#3 and #4) exhibited smaller initial resistance value Interdigitated microelectrode fingers than those with larger FS. This finding is qualitatively consistent with the expectation based on thin film conductivity. In addition, finger length also seemed to play an important role in the thin film resistance properties. By comparing the IMEs with the same finger space but different finger length, it is found that those with longer FL (e.g., #2 > #1, and #3 > #4) had smaller initial resistance values. There was a relatively insignificant effect of the finger width on the thin film resistance properties, in comparison with the influence of finger space.
Array Response Characteristics
The response profiles for a sensing array of eight IME devices coated with NDT-Au nm and MUAAu nm films were examined for their exposures to several volatile organic vapor analytes (e.g., hexane, benzene, toluene). Figure 2a shows a representative set of sensor response profiles to Hx vapor for a sensor array consisting of NDT-Au nm /IME. The sensor response sensitivity data are shown in Figure  2b . Similar response profiles for Bz and Tl vapors with subtle differences in response sensitivity were observed for NDT-Au nm films on IMEs of different microelectrode parameters. In view of the differences in the initial resistance for the different sensing films, we used the relative resistance change, ∆R/R i , as a measure of the sensor response signal.
(a) (b) Figure 2 . Sensor response profiles of the sensor array to Hx (a), and sensor response sensitivity of the array (b). Sensor array: NDT-Au nm /IME (#1) (green ♦), NDT-Au nm /IME (#2) (pink ▲), NDTAu nm /IME (#3) (blue ■), NDT-Au nm /IME (#4) (yellow •). In (a), the responses increase in the sequence of #1, 2, 3, and 4. The standard deviation of the data points in (b) is about 10%.
In general, the response characteristic in the above two sets of data shows a general profile of an increase in ∆R/R i upon exposure to vapor followed by return to baseline upon purging with nitrogen. The response is relatively rapid and reversible. In most cases, the responses increased linearly with the vapor concentration. The slope serves as a measure of the response sensitivity. It is clear that these sensing array elements display linear responses to the concentrations of vapors. While the response profiles of the same vapors at different films are similar, the response sensitivities vary, as evidenced by the differences in the slopes of the linear relationships.
The above response data provide the basis for the comparison of the response sensitivities between NDT-Au nm film and MUA-Au nm film. Table 3 shows several sets of response sensitivities for three different vapors, hexane, toluene and benzene. In the comparison, response sensitivities are expressed in differential resistance change per ppm of vapor concentration, and they are also compared with data obtained with IMEs of different microelectrode design parameters, including those reported in our earlier reports [5, 6] . From Table 3 , there are several important findings. First, the sensor devices with MUA-Au nm films exhibited higher sensitivities than those for NDT-Au nm films, reflecting the differences in interparticle distances, dielectric medium constants and chemical properties. Secondly, by comparing the data with those reported in our earlier work using IMEs with different design parameters, IMEs #3 and #4 design showed response sensitivities comparable to those reported earlier except the case of MUA-Au nm films in response to toluene and benzene. The reasons that caused this difference are not completely clear, but differences in film thickness might have played a role. Thirdly, in the case of thin films with smaller resistance values such as NDT-Au nm films, IMEs with smaller finger space exhibited higher sensitivities. This finding is consistent with the fact that smaller finger space leads to smaller initial resistance. The further analysis on the data in Table 3 is summarized in the following section.
Statistical Analysis of Sensor Array Data
Sensitivity analysis. As discussed in Section 3.1, 2 3-1 fractional factorial design was used to investigate the effects of the three factors: finger space (FS), finger width (FW), and figure length (FL) on device performance. In this design, the responses sensitivities of the NDT-Au nm and MUA-Au nm films on IME devices of four different device design parameters to the three different vapors (hexane, benzene, and toluene) were used as the performance measures for the evaluation. The average sensitivity of each film to the three vapors was used as the response of DOE analysis. Three additional experimental replicates for one specific IME device in responding to one specific vapor were utilized to estimate experimental error. The experimental result was analyzed with ANOVA method. The factors (or parameters) with P-value smaller than a significant level α were considered as the significant factors. Table 4 shows ANOVA results for NDT-Au nm films, which includes the sum square, degree of freedom, the mean square of each factor and experimental error. Based on these values, the F-value and P-value for each factor were calculated (Table 4 ). The smaller the P-value is, the more significant the factor is. The P-values for two of the three factors were found to be smaller than the significant level (α = 0.05), which means that factors FS and FW have significant influence on the overall sensitivity. The FL's influence was found to be not as significant as the other two factors. Similar analysis was performed for MUA-Au nm film (Table 5 ). All three factors were found to display very low P-value (<0.01). Therefore, all of the three factors have significant influence on the MUA-Au nm film's sensitivity. The effects of the three factors on the overall sensitivities of NDT-Au nm and MUA-Au nm films were also calculated. Figure 3 demonstrates how sensor sensitivity changes as the three factors (FS, FW, and FL) vary from low level (-1) to high level (+1), respectively.
(a) (b) Figure 3 . Main effect plots of the three factors (FS, FW, FL) on the response sensitivity for two different films: (a) NDT-Au nm /IME, and (b) MUA-Au nm /IME. Table 6 summarizes the results from the quantitative analysis of the effects of the three factors, in which "+" and "-"signs represent positive and negative influences and the absolute value represents the magnitude of influences. The analysis results presented by the plots in Figure 3 and Table 6 provide the basis for the evaluation of the effect of the factors on the response sensitivities. For IME devices with NDT-Au nm films ( Figure 3a and the entries in the column "NDT-Au nm " in Table 6 ), it is observed that FS has the strongest and negative effect on the performance while FW and FL have relatively smaller influence. Therefore, FS is the important factor in the device design using NDT-Au nm as the sensing film. The smaller value of FS is preferred for the limited range that has been examined. For devices with MUAAu nm films ( Figure 3b and the entries in column "MUA-Au nm " in Table 6 ), the three factors show similar and negative effects on the device sensitivities. This finding suggests that all of the three factors be considered near equally important in MUA device design, and their smaller values are preferred in the limited range of the experiment. On the basis of the combined weight of these analytical data, it is concluded that while device design #3 and #4 seem to be better than the other two devices for using NDT-Au nm films as sensing materials, design #4 is the best one for devices with MUA-Au nm films as the sensing materials. However, the influence of the IME device design parameters on the sensor response sensitivity depends strongly the properties of the nanostructured thin film and the chemical nature of the vapor. PCA Analysis. Following the above ANOVA analysis, PCA was employed to evaluate the performance of sensor arrays consisting of different IME parameters. The purpose of the PCA analysis is to visually evaluate the capability of a sensor array in distinguishing different vapors by changing only the IME design parameters. PCA is a mathematical method that converts a large number of potentially correlated variables into relatively small number of uncorrelated variables. It is an Eigenanalysis of the correlation matrix of the sensor array response data set. The response data correspond to sensor arrays of NDT-Au nm films, MUA-Au nm films, and the hybrid of NDT-Au nm and MUA-Au nm films in response to the three different vapors (hexane, benzene, and toluene). These data were analyzed using PCA technique. The NDT-Au nm sensor array consists of NDT-Au nm films on IMEs with four different design parameters. The MUA-Au nm sensor array consists of MUA-Au nm films on IMEs with four different design parameters. The NDT-Au nm + MUA-Au nm sensor array is a hybrid sensor array which consists of both NDT-Au nm films and MUA-Au nm films on IMEs with different design parameters.
The PCA Eigenanalysis results are shown in Table 7 . It is demonstrated that the first two PCs for all the three sensor arrays have explained almost 100% of the total variability, which means that most of the data structure can be captured in the first two PCs. Thus the first two PCs are used to visually analyze the response patterns of the three sample vapors (hexane, benzene, and toluene) for the three testing sensor arrays using PCA score plots. The three PCA score plots for Hx, Bz, and Tl in the PC1-PC2 plane, which is the second principal component (y-axis) versus the scores for the first principal component (x-axis), are shown in Figure 4 . The data are obtained from the normalized responses of the three sensor arrays at ten different vapor concentration levels.
Based on the separation of the different curves in the PC1-PC2 plots (Figure 4) , it is apparent that the three different vapor response patterns can be well identified from each other with the sensor arrays of NDT-Au nm films (b) and the hybrid of MUA-Au nm + NDT-Au nm (c). In contrast, the curves in the PC1-PC2 plane for Hx and BZ are overlapped in two different areas with the sensor array of MUAAu nm (a). It is also observed that the different vapor response patterns for sensor array of the hybrid of MUA-Au nm + NDT-Au nm have significantly larger separation distance in the PC1-PC2 plot (c) than those for the other two sensor arrays, which means that the hybrid-based sensor array has better classification performance for Hx, Bz and Tl in comparison with the single film based sensor arrays. The analysis result also implies that the design parameters of IMEs, in addition to the thin films, could be used as supplementary parameters to enhance the response selectivity of the sensor array systems. 
Conclusions
In conclusion, the results of this study have demonstrated that the sensor array performance depends on a combination of the IME device design parameters (microelectrode space, width, and length) and the chemical nature of the nanostructured thin films. The results from statistical analysis of the sensor array response data suggest that the smaller values for the space, width, and length parameters generally leads to higher sensor response sensitivity in the limited ranges examined in the experiment. This effect is also found to be dependent on the nature of the nanostructured thin films. While the electrode space was the most important parameter among the three design parameters for NDT -linked thin films of gold nanoparticles, the three design parameters were found to play important roles for MUA-linked thin films of nanoparticles in a similar way. Furthermore, the PCA analysis result implies that the sensor array performance can be enhanced by configuring the device dimension parameters. Further studies are in progress to delineate how these device design parameters influence the sensitivity for different structural properties of the sensing nanomaterials and the VOCs.
